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The performance of .sensors aboard

platforms that travel "at hypersonic speeds

within _he a_mospnere is degraded by image

distortion par_ially due to'turbulent mixing

of coolant gases in front of the sensor

window. To study this degradation, a sequence

. of experiments was performed _at produced a

number of distorted images using different

mixtures of turbulent gases. This paper

describes these experiments and presenus

image processing algorithms, based on shifted

- average tecPnniques that are used to

reconstruc: the original image. The quality

of the reconstruction depends on the

particular gas com_inaKion and on the numDer

of Images used by the reconstruction

algorit-_m.

INTRODUCTTON

Hypervelccity vehicles use infrared

sensors to detect, recognize and track

targets. The environment of hypersonic flight

is such tha_ sensors must be protected form

high temperatures by windows. There is no

window material available yet that can

survive for long in this environment and

t/_erefore the window itself must be pro_ected

and cooled by a very low temperature coolant

gas which is egectad over the window. This"

mechanism cools the window sufficiently but,

as the coolant gas and the atmosphere come

together, a turbulent mixing layer is formed

which creates optical distortions _hat

severely'- affect the image quality. The

properties of the turDulence are under

investigation in an effort to accurately

interpret images collected through cooled

windows. A second source of image distortion

is due to the gradient of the index of

refraction in front of the window. The high

velocity flow over the vehicle creates a low

- density, high - temperature region behind

the bow shock and the coolant gas directly

over the window creates a higher - density,

low - temperature region. The density

difference in these two regions results in

the index of refraction gradient.

To approximate these phenomena and create

a mixing layer that matches the real flight

conditions, an experimental laboratory setup

was crea_ed [1,2,3]. This setup contained a

cham_er formed by two parallel windows in

which a high pressure coolant gas and a low

pressure backfill gas were mixed through a

nozzle. By adjusting the pressure of the

backfill gas and the static pressure in the

test area, the density difference in the

mixing s_ream was controlled. The seKup also

included the necessary optics to produce a

ccllima_ed laser beam of light, that

approxlmated an incoming target. The beam was

directed into the mixing area, 2 inches away

/5 u+

from the nozzle and was detected on the other

side by a high speed video _amera which

captured- 320 images aK a rate of 370 images

per second. Each image was created by a 300

nsec laser light pulse. The image of the

light source without any turbulence is shown

in Figure i. Figure 2 snows three consecutive

images distol-=ed by turbulence.
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IMAGE PROCESSING

The individual images gi(x,y) recorded by

_he camera can be expressed as a convolution

of the original undistoz-_ed image f(x,y) with

a point spread function hi(x,y ) tha_

characterizes the mixing area



f_,_o_ ,, "- • .. - " ..'.IN 36 _ .--'":.'".. '-

,(" _<_T_ _.'*!'. ......................... o.- .u ,_., o, :, .., .
_'-_ &B o,- I

1.44 Y. , :3

a,aLn_ i if,L o*

i/.UT - _ O.S7

""El - _,....,,.. --"'"
•" {..1,i r 2b. ....

.. • _, _..1.:_._...':/.'....-'!..'.'. ............ : .. '.: _....... o,_

RUN 36 T-_--'T .--'-32._G

I_IS : /" old,

Oil _- -_ Oil

_) "o,_ g { . _,,,

+ -
LIe _', -- o1+

r
ol: + _oli

: Figure 2c.
o.,,,+_ =oo,

o_ r".................... + , + ' .-o_

.giCx,y) = fCx,y) ® hiCx,y ) + ci(x,y ) (i)

i : 1 ..... N

where ci(x,y ) represents any additive

contamination_and :N is the total-number of

images. The'regular average of a sequence of

images is
'". • ",.>_.:_T_ " + ": " .. " . ": .

If each _im, age in t/_e -_ sequence is shifted

before averaging such that its brightest

pixel appears'at a specific image coordinate,

then a s_/fted - average is obtained

gs(X,Y) = <gi(x÷dxi,Y+dYi)> (3)

Combining Eq. (1) and (3) we have

gs = <f(x'y)ehi(xedxi'Y÷dYi)+ci(x+dxi,Y+dYi)>

= f(x,y)®hs(x,y)+Cs(X,Y) (4)

where hs(x,y ) = <hi(x+dxi,Y+dYi)> and cs(x,y )

is the shifted - average of the additive
contamination.

If Cs(X,y) is small, then Eq. (4)

represen_sa convolution of the original

imagewith an unknown point spread funcl:ion.

/

An est_ana=e of hs(x,y ) can be obtained by

observing a point source which can be a

target at a large disr_nce

hs(x,y) - =sCx'y) (5)

where =s(X,y) is obr.ained from Eq. (4) with

f(x,y) replaced by &(x,y). An estimate of

f(x,y) is the result of Wiener filtering of

gs (x,Y)

ge(X,Y) " F-l[Gs(U,V)/(Ts(U,V)+#}] (6)

where Gs(u,v ) and Ts(u,v ) are the Fourier

Urans forms of gs (x,y) and ts (x,y)

respectively. The Wiener filter provides an

estimate of f{x,y} tha_ au_em_rs to remove
the distortion due to the tur_ulen_ me_/um.

To': isolate this effs_, n_Eq. (4) can be
rewritten as - ""

gs(X,Y) " f(x,Y)®hs(X,y!eho(X,y)+Cs(X,y ) (7)

where : h s (x,y) • rep•resen=s+- the effecU of the

medium and ho(X,y) represents the effect of

the objec_ on the distorted image. As the

oh] ect tends Uo become a singl'e point,

ho(x,y) approaches 6(x,y). The Wiener filter

removes t_e effec_ of hs(X,y ) and therefore

ge(X,Y) = f(x,y) ® ho(X,y ) ÷ Cs(X,y ) (8)

is the expression of the estimate of the

original image.

EA_PER I_A L RESULT_

The processingdescribed above was applied

on a sequence of i_ges that approximate the

distortion of a target image due to the

mixing of helium coolant and ar_cn backfill

gases as a vehicle travels au approximately 2

Mach. The image, of the nar_eu with no

distoz-_ion is shown in Figure 1. Three

successive desecrated images are shown in

Figure 2 .....

If a nua_ber of successive images are

simply averaged, the result is a diffuse area

in the image with very little information.

Figure 3 shows V.he result of simply averaging

6 or 100 successive images. Shifting each

successive image so the= its brightest pixel

appears at a specific location in t_he : image,

and - then averaging all sh/fted images,

results, in a more • precise image. Figure 4
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shows the results of shifted - averaglng

using 6 or 100 successive images.

To estimate the point spread function of

the mixin_ layer, a point source would have

to be used. In these experiments though,

since both the original image f(x,y) and the

dis_or-ced images gi(x,y) are known, the point

spread funcl=ion is es'[:imated from t_em. To

minimize any correlation effects, the point

spread function is estl._ated using the last

block of images in the 320 - image sequence,

and is used in the processing of the first

block of images in the same seuuence_ . Eiqure

5 shows _he average of I00 point spread

function images. Figure 6 shows t_e average

of the same 100 point spread function images,

where each image was shifted so that its

brightest pixel appeared an a specific

iocaKion.
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Having obtained an estimate of the point

spread function of the mixing layer (with and

without image shifting), Eq. (6) is used to

arrive at an estimate of the targe_ image. In

Eq. (6), Gs(U,V ) and Ts(u,v ) are respec_cively

the Fourier transforms of the shifted average

of a number (No) of dis_or_ed images gs(x,y),

and the shif£ed average of a hummer (Nt) of

images containing estimates of the medium

point spread function t s (x,y) . In these

experiments, the nt%m_er of images used to

generate gs (x, y) and t s (x, y) was varied

between 6 and i00. A second set of

experiments was also performed with regular

averaging being used but with no shifting.

Figure 7 shows the targe_ estimate for two

cases a) Ng = i0, N t = 6, and b) Ng = 100,

N t = i00. Fl_ure 8 shows similar -results "-"

w_ere averaging with no shifting was used.

The results of bo_h experiments indicate

that the quality of the _arget image

reconstruction improves as both Ng and N t

Increase up to approximately 50 images.
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BeYond this value t-_ere is little

improvement. In that sense, Figures 7b and 8b

show examples of the best reconsr.ruc_ion

acJ1ieved by this method. It is also clear

from Fiqures 7 and 8 that the shifted -

average method yields benter resulns than _e

simple average merJ_od.

Th/s paper describes a simple image

prooesming technique which appears to be

prcnmising in the reconsnruc1:ion of nar_en

images distorted due no propagation t/_rough a

turbulent medium. Once an esr-imane of _he

point spread function of the turbulenn medium

is obtained by observing a tar_en while it is

still d/s_ant, a relatively small number of

JJmaqes can be used no obtain reoonsT.Tuc_ed

esnimanes of " the approacJ1ing nar_en image.

Compared I to simple averaging, theshifted -
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average method produces relatively more

precise results using fewer images. The

number of necessary images becomes

significant when the target is moving across

the field of view.
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